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known to degrade organophosphorus 
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chemical weapons and pesticides. 
Novel methods of forming the protein 
system and methods of .making OPH 
are also described. Also described is . 
a protein system including a porous 
matrix material and a protein disposed 
within the porous matrix material;, 
wherein the lutein system contains at 
least 0.01 mmol of protein per gram of 
matrix materia] and exhibits an activity 
at least 2 times greater that the activity 
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PROTEINS IN A POROUS SUPPORT 

5 

RELATED APPLICATIONS 

This application is a continuation-in-part of U.S. Patent Application Ser. No. 09/791,138, 
filed February 21, 2001, which is incorporated herein as if reproduced in full below. 

10 

FIELD OF THE INVENTION 

The present invention relates to proteins in porous supports, me&ods of 
supporting proteins, and methods of using supported proteins. The invention also provides an 
15 improved method for making organophosphorous hydrolase {"OPH"). 

BACKGROUND OF THE INVENTION 

The usefulness of proteins for facilitating chemical reactions outside biological 

20 organisms has long been known and used to great advantage. There is the pot^tial for much . 
greater use of proteins in £icilitating a much larger variety of reactions and facilitating these 
reactions on a larger scale. However, there are many challenges to be overcome before fliis 
potential can be fiilly realized. These challenges inchide: the need for highly active protein 
systems; the need for protein systems that inaintain high activity under a range of conditions; and 

25 the ability to densely pack active protein onto a porous siq>porL 

One exanqple of a protein that is useM for catdyzing ia variety of useful reactions 
organophosphorous hydrolase, ("OPH")- OPH is an enzyme that might be used to inactivate 
chemical weqx)ns or organophosphorous pesticides. Chemical weapons (lc. norve gases, 
especially sarin and VX) and organophosphorous pesticides (eg. parathion, paraoxon and 

30 acephate)aiehigjily toxic to Mgher organisnos. Therefore, there is a nee^ 

.cleaning up undesirable discharges of the diemical weapons and organophosphorous pesticides 
in accidental spills or production plant contamination. The OPH enzyme offers the potential to 
inactivate chemical weapons or organophosphorous pesticide without die need for cbnoqplex and 
expensive incineration &cilities. Despite its potential, the lack of suitable niediods for the large 

3S scale production of systems with active aiid stable OPH have limited die s^plication of this 
enzyme. 
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The present invention provides inqsroved protein systems that can better meet the 
challenges described above. Although the invention generally applies to immobilized enzyme 
systems, etc., in some specific examples, the invention also provides an improved method for 
making OPH and systems containing active OPH. . 

5 

SUMMARY OF THE INVENTION 

' One concept of the invention is the engineering of suppknt structures that match protein 
sizes to siq>port structure pore sizes; It has been smprisingjiy found that well-matched sizes can 

10 produce protein systems having desirable qualities such as high activity, enhanced stability^ and a 
relatively hi^ density of active protein. Coupling of proteins in pores that are eith^ too small or 
too large results in inferior properties. Other factors; such as surface area, pore derisity, pore 
uniformity and distribution, protein population within a support, and type and density of ooss- 
linking sites may also be utilized to control the characteristics of the protein system. 

15 In one aspect, the invention provides a protein system for use in facilitating chemical 

reactions. The system includes a porous matrix material that has pores within a solid matrix. In 
another aspect, the protein system comprises: a porous matrix material having a pore volume 
wherein at least 90% of the pore volume is con^osed of pores having sizes in the range of 50 to 
400 A, and a chencucdly-active protein bonded to the matrix material. "B^^ 

20 covalent, ionic and/or electrostatic attachment to the matrix materiaL In preferred enibodimentSi 
the protein is covalently bonded to the matrix through coupling groups. 

In another aspect, &e protein system coiiiprises: a porous inatrix iiiaterial being sized 
such that the protein system comprises 0.01 to 1 inmol of protein per gram of matrix material and 
wherein Ae protein in the protein system exhibits an activity of at least 65% that of the activity of 

25 the protein in the active state. 

The invention further provides a protein system comprising a porous matrix material 
containing an entrapped protein wherein thie proteiii system is characterized by having at least 
0.01 mmol of protein per gram of matrix material and an activity that is at least 2 times greater 
than the activity of a protein system that has been formed under idratical conditions except on a , 

30 . . normal silica matrix material. "Normal silica" is uncoated silica bulk material with a pore size of 
300 A wift a 12 microrheter bead size; if available the nonnal silica should be purchased fiom 
PolyLC Inc., Columbia Maryland, USA, item #BMSI 1203. 

In another aspect, the invention provides a protein system coniprising a porous rnatr^ 
material containing an entrapped protein wherein the protein system is characterized by having at 

35 least 0.01 mmol of protein per gram of matrix material and enhanced stability as defined by the 
stability testing procedures described hereirt 
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The invention also provides a me&od of fonning a protein system conq)rising the steps 

of: 

providing a porous matrix material having a pore volume wherein at least 90% of the pore 
volume is composed of pores having sizes in the range of 50 to 400 A, and reacting the porous 
5 matrix material with a protein so that the protein chemically bonds to the porous matrix material 
Preferably, this method comprises a step of reacting the porous matrix material wifli a cross- 
linking agent to form a porous nmtrix niaterial having cross-linldng agents covd^ 
Hit sur&ce, and reacting the porous matrix material having cross-linking agents covalently bound 
to the sur&ce with a protein so that &e protein chemically bonds to flie porous matrix material 

10 M another aspect; the iniventioii provides methods in which a piotdn system is 

adding a protein to aporous matiixmaterial wi&out across-linkixigageat It has been found fliat 
stable and active protein systems can be obtained in which tiie protein is entrapped by non- 
covalent bonding. In one such method, a protein system is formed by: providing a porous matrix 
material having a pore volume wherein at least 90% of the pore volume is con^wsed of pores 

15 having sizes in the range of 50 to 400 A, wherein the porous matrix material has a functionalized 
surface, and adding a protein so that the protein is entrapped by non-covalent bbnding in the 
porous matrix material. 

The invention also provides a method of making OPR. In this method, a host cell is . 
transfected with a vector comprising a sequence encoding OPH, the sequence being operably 

20 linked to a T7 expression control sequence. Hie transfected host cell is cultured under conditions 
pennitting expression under &e control of the expression control sequence. Hie OFH is purified 
from the cell or the medium of the cell. 

The protein system is engineered to match the size of the individual protein with tiie size 
of the individual pores, in preferred embodiments, the volume of the individual protein occi5)ies 

25 between 5 and 40% of the average volume of each pore. 

The invention also includes methods of using these systems in fitcilitating chemical 
. processes (i.e., processes of making chemicals) such as hydrolysis, oxidation, hydrogenation, and 
proteolysis. The invention also encoii^)asses the use ofactive enzymes in porous sui^ortsi^^ 
filtration equipmrat for individual soldiers, pesticide woricers, vehicles, aircrBfis, shq>s and 

30 buildings such as civilian and inilitary defense shelters, to perform detoxifications. 

Various embodiments of the present invention can provide numerous advantages 
including: high protein activities on a porous support; stabihty under a variety of conditions; hi^ 
densities of active protein; capability in industrial-scale applications; and providing 
environmentally safe methods of destroying chemical weapons and organophosphorous 

35 pesticides, and avoid the dangers inherent in burning these materials. Odier. advantages can be 
envisioned in view of the following descriptions and examples. 
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BRIEF DESCRIPTIONS OF THE DRAWINGS 

FIG. 1 is a conceptionalized, cross-sectional representation of an enzyme disposed in a porous 
5 substrate. 

FIG. 2 is a ribbon diagram for OPH plasmid, 

FIG. 3 is the relevant DNA sequence from the construct* s BamH I to n site fliat ^. 

enconqjasses the region immedktely preceding the T7 pro 

codon,SEQID:2. 
10 FIG. 4 is the OPH amino acid sequence, SEQ ID: 1. 

FIG, 5 shows a con^arison of Normal Silica and NH2-SAMMS for OPH nnmobilization. 

FIG. 6 shows an ionic strength effect on OPH entrapped in HOOC-SAMMS. 

FIG. 7 shows the effect of pH on OPH entrapment in HOOC-SAMMS. 

FIG. 8 shows immobilization efficiency of OPH in HOOC-SAMMS at different pH. 
15 FIG. 9 shows an ionic strength effect on OPH immobilization efficiency in HOOC-SAMMS. 

no. 10 illustrates stabiUty of OPH immobilized in NH2-SAMMS. 

FIG. 1 1 shows a comparison of Normal Silica and NH2-SAMMS for Glucose Oxidase (GOD) 
inmiobilization. 

FIG. 12 illustrates a coverage effect of a liinctional group of NH2-SAMMS on GOD entr^ment 
20 FIG. 13 shows tiie effect of pH on GOD entr^ment in NH2-SAMMS. 

FIG. 14 shows immobilization eflficiency of GOD in NH2-SAMMS at different pH, 

FIG. 15 illustrates the stability of GOD immobilized in NH2-SAMMS. 

FIG. 1 6 shows a con5)arison of Normal Silica and NH2-S AMMS for GI immobilization. 

FIG. 17 shows a comparison of GI immobilization and pore size effect of NH2-SAMMS. 
25 FIG. 18 show5iiiimobilizatione£BciaicyofGI inNH2-SAMMS. 

DETAILED DESCRIPTION OF THE INVemON 

A conceptual iUustration of one embodiment of the protein system 2 of tiie p^ 
30 ., invention is shown in Fig. 1. A matrix material 4 has pores 6 containing protein 8. Ihe protein 8 
is coimected to the matrix via connecting moieties 10, Many variations of this structure are 
possible. For example, while the figure illustrates a single protein in each pore, in many 
embodiments some pores will contain multiple proteins while other pores contain none. The 
present invention is not limited to the embodiment illustrated in Fig. 1. 
35 The porous matrix material preferably has a pore volume wherein at least 90% of the 

pore volume is con^josed of pores having sizes in flie range of 50 to 400 A, more preferably, 100 



wo 02/068454^ 



PCTAJS02/05755 



to 200, and still more preferably 100 to 120 A. For purposes of the present invention, pore size 
distribution is measured by N2 adsorption using techniques that are well-known in the art For 
materials with especially large pores, N2 adsoiption may need to be supplemented by mercury 
porisimetry or microscopy to get an accurate pore size distribution. As is conventional, '*pore 

5 size" refers to pore diameter. In the protein system, the pore size distribution is to be measured 
without protein in the matrix - for measurement puiposes, protein can be removed fioin flie 
niatrix by proteases or o&er appropriate means. For measurements on protein systems/ttie. 
coupling agents remain bound to the matrix durmg measurement of p^ For 
purposes of characterizing methods of the present invention, or, of characteri2ang protein systems 

10 accprdii]^ to the method ofmakingth^&e pore size distnT)ution^^ 

is measured without coupling agents. Hie composition of the matrix material can vary, but is 
preferably an inorganicK)xide-cont£uning material. Inorganic oxide based materials (sudh as 
sihca-based materials) offer advantages over inany organic sij^jports - these ad 
include mechanical strength and chemical and thermal stability. 

15 In preferred embodiments, tiie protein system comprises a coupling agent disposed 

between the inorganic porous matrix and the protein. The unreacted (that is, before reacting wifli 
a protein) inorganic oxide support typically has surface hydroxyl groiqps. Preferabfy, fliese 
sur&ce hydroxyls are reacted witfi relatively low molecular weight organic compounds to form a 
functionalized monolayer. Treatment with tiie sqspropriate coupling agent can produce selected 

20 functionalizing moieties on the surface of the porous srq^port Prefenred coiq>ling moieties axe 
mercapto (-SH), amino (-NH2)> carboxyl (-COOH), hydroxyl ( OH), and azido (-N3). A 
particularly preferred embodiment utilizes &e functionalized mesoporous support described by 
Feng et al. in "Functionalized Monolayers on Ordered Mesoporous Supports," Science, voL 276, 
923-926 (1997). As described in the article by Feng et al., the surface hydroxyls can be reacted 

25 with mercaptopropyltrimethoxysilane, (MeO)3Si(CH2)3SH, to form a functionalized surface with 
terminal mercapto groups. . Functionalized sur&ces are siq>erior.to the nonfunctiondized suifaioes 
because they provide better and more controUable chemical environments and bonding to 
proteins. 

Where the sur&ce of the porous matrix material is functionalized, it has been found that 
30 the degree of fimctionalization (as measured by surface coverage, \rfiere surface coverage is 
determined by transmission electron microscopy as described in the above-mentioned article by 
Feng et al.) effects the activity level of the bonded protein. Preferably, surface coverage is at 
least 2%, more preferably between about 20 and 70%, more preferably, between 20 and 50 %. 
Too many coupHng moieties can reduce activity while too few reduces covalent a.ttachment of 
35 the protein to tiie matrix and can reduce the stability of the protein system. . 
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It has been found, especially for embodiments in which a coupling agent isnt used, ftat 
numerous factors can eflfect the porous matrix's ability to enti^ protei^^ 
of these factors can include: the degree of fiinctionalization, the type of ftinctionalizing moieties 
(for example, amino, carboxyi, etc.), pH, ionic strength, buffering, and pore size. In general, 
5 electrostatic interactions can be very important for controlling entrq^ment of the protein. For 
example, caiboxyls in the pores of flie matrix material can interact with aminos on the surface of 
the protein, and vice versa. Similarly, hydrophihc/hydrophobic interactions can be controlled to . 
tailor a matrix material for entrapping proteins; for exanople, hydrocarbon chains in 4ie pates.of 
the matrix rriaterial can interact wi& hydrophobic regions on proteiiis. Identify^ 

1 0 for entr^ing a selected protein can be determined throug|i routine e>^)erimentatLon in view of 
the descriptions set forth herein. 

Proteins are polymeric organic compounds coirq)rising more than about 100 amino acid 
residues, and typically having molecular weights in the range of about 8,000 to about 300,000 
daltons. Of most interest in the present invention are chemically active proteins, that is, those 

15 proteiiis that are capable of facilitating a chemical process such as hydrolysis, oxidation, 

reduction, oxygen transport, optical inversion, dehydrogenation, elimination, etc. More preferred 
are en^nmes, that is, those proteins that catalyze chemical reactions. One particulariy preferred 
protein is organophosphorus hydrolase (OPH) which is known and has been reported in ttie 
literature, see, for exan^Ie, Muchandani et al., "Biosensor for direct determination of 

20 organophosphate nerve agents. Potentiometric enzyme electrode," Biosensors & Bioelectronics, 
14,77-^5(1999). 

A protein can be con^rised of amino acids that are all cormected through covalent bonds. 
Proteins can also be conq}rised of subimits that arie held together by nbn-covalent interactions. 
For example, hemoglobin is a protein that is coiiq)rised of four subunits. Proteins can also 
25 include other components such as metal atoms, porphyrin rings, and other manmade or naturally 
occurring modifications. OPH is a dimeric enzyme that has a diameter of about 45 to 80A witii a 
volume of about 1 .95 x lO' A^ Thus, if a protein system were designed such that OPH occiq)ied 
10% of the average pore volume, die matrix woidd have an average pore volume of about 155 x 

30 Protdn size in the present invention is defined in the conventional sense based on the 

radius of gyration in the non-denatured state. In the protein systems of tiie present invention, a 
preferred type of proteins are enzymes having volumes in Ae range of 0.5 x 10^ to 3 x 10* A^, 
because proteins within this size (vohune) range are especially advantageous in the porous 
matrices of the protein systeir^ of the present inventioiL 

35 The protein in the matrix can be conqjared to tiie protein in the "active state." In flie 

present invention, the definition of activity (or "unit activity*') for an immobilized protein is the 
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same as 4ie accepted definition for the non-immobilized protein. Activity units are defined in 
terms of the quantity of protein required to produce a product from a known or characterized 
substrate in certain buffer conditions at a certain temperature for a specified time. For many 
enzymes and classes of enzymes, there are commonly accepted activity units. One source of 

5 commonly accepted activity units is the Worthington Enzyme Manual (available from &e 
WorMigton Biochemical Corporation, Freehold, NJ). This Manual contains definitions for flie 
activity of enzymes including glucose oxidase (GOD) and glucose isomerase (GI). In tfie present 
invention, the activity of OPH is defined as described in Dumas et al., J. Bioi. CheoL, v. 264, 
pl9659 (1989); an activity unit is the hydrolysis of 1 micromole of paraoxon per minute at 25 . 

10 in 100 mM CHES at pH 9, typically monitored the change in absoibance at 400 nm when the 
paraoxon substrate is hydrolyzed to diethyl phosphate and p-nitrdphenolate anion assuming the 
extinction coefficient, €405 = 17,000 M" W**. In preferred embodiments, the protein of the 
invention is at least 50% ofthe activity in the active state, more preferably at least 75%. We 
have found tiiat activity of the OPH-containing protein systems have excellent activity. In some 

15 preferred embodiments, proteins, in systems of the present invention, have activities of 65 to 95 
%. In some embodiments, the protein system of the present invention can also be defined in 
comparison to an equal mass of a system prepared and tested under the same conditicms, . 
including the same fiinctionalization conditions, excq>t using a nomoal silica as the poious matrix, 
material; preferably the protein system has at least 2 times (2X),.more preferably at least 5X, still 

20 more preferably at least lOX, and still more preferably at least 50X greater activity as coi^aied 
to a system that is prepared identically except having a normal silica in the poipus matrix 
material. The invention can also be defined as being able to maiTitain activity under the same 
conditions and to about the same or greater extent as described in tiie exan^les. 

A nonlinuting hst of proteins that may be enq)loyed in various embodiments of the 

25 invention is as follows: Adenosine aminohydrolase, Adenosine deaminase. Alcohol oxidase. 
Alcohol dehydrogenase, Amino acid oxidases, Amino acid deaminases, Amino acid 
decarboxylases, ATP kinase, ATP phophatase. Bilirubin oxidase, Catalase, Chymotiypsm, 
Creatine phosphokinase,Catecholase, Cholesterol oxidase, Gutinase,CU . 
. Chitosanase, Cholesterol dehydrogenase, Cholesterol esterase,.Choline oxidase. Choline 

30 phophatase, Citrase, Cociaine esterase, Cytodirome C, Cytod^ 

reductase. Cytochrome P450, Cytochrome P450 reductase. Cytochrome B5, DNase, DNA gyrase, 
helicasc, DNAjoinase, ligase, nucleotidylexotransferase, DNA nucleotidyltransferase, DNA 
polymerase, DNA repair enzyme, DNA topoisomerase, Endopectin lyase, Endopeptidase, 
Endqjeroxide isomerase, Endoproteinase, Endoribonuclease, Fibrinogen, Ferredoxin, Ferredoxin 

35 reductase, Ferredoxin oxidoreductase, Ferroxidase, Galactose oxidase. Galactose dehyrogqnase, 
GI, Glucose dehydrogenase, Glucose-6-phosphatase, Glucose-6i)hophate dehydrogenase. 
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Glutaflunone peroxidase, Glutafliinone reductase. Hemoglobin, Heparinase, Lactose synfliase, 
Lactopeioxidase, Lactic acid dehydrogenase, Lactate oxidase, lactase, laccase, Myo^obin, 
Mdate dehydrogenase, MaUc dehydrogenase, KMc enzynie,MetimoI ox^ 
Microperoxidase, Monophienol monooxygenase, Mbnophenol oxidase, Mutarotase, NADH 

5 dehyrogenase, oxidase, peroxidase, NADP cytochrome reductase, NADPH oxidoreductase. 
Nuclease, Nitrate Reductase, OPH, Oxalate decarboxylase, Oxalate oxidase, Peroxidases, 
Protease, Proteinase, Putidaredoxin, Papain, P^sin, Plasmin, Plasminogen, Pectinase, Pymvate 
carboxylase, decarboxylase, Puruvate dehydrogenase, oxidase, kinase, Quinone reductase, 
Ribonuclease, Salicylate hydroxylase, monooxygenase, Sarcosine dehydroxylase, oxidase, 

10 Sulfatase, Sulfite oxidase. Superoxide dismutase. Streptolysin O, Tiypsm, Urate oxidase, Urease, 
Uncase, Xanfliine ddiydrogenase, oxidase, Actin, Beta Agarase, Albumin, Bovine Serum, 
Aldolase, Amylase, A^pha Aniylase, Beta Aspartyl Aminotransferase, Avidin, Carbonic 
Anhydrase, Carboxypeptidase A, Carboxypeptidase B, Caiboxypeptidase Y, Casein, Alpha 
Cellulase, Cholesterol Esterase, Cholinesteraise, Acetyl Cholinesterase, Butyryl, Chymotrypsin, 

15 Clostripain, Collagen, CoUagenase, Concanavalin A, Creatine Kinase, Deoxyribonuclease I, 
Deoxyribonuclease H, T4 DNA Ligase, DNA Polymerase I, T4 DNA Polymerase, Dextranase, 
Diaphorase, Elastase, Elastin, Galactosidase, Beta Glucose-6-Phosphate Dehydrogenase, Beta 
Glucosidase, Beta Glucuronidase, Glutamate Decarboxylase, Glyceraldehyde-3-Phosphate 
Dehydrogenase, Glycerol Dehydrogenase, Glycerol Kinase, Hexokinase, Hyaluronidase, 

20 Hydroxysteroid Dehydrogenase, Leucine Aminopeptidase, L^ase, Lucifaase, Lyso:qane, Malate 
Dehydrogenase, Maltase, Mucin, NADase, Neuramiiudase, MiCTOCOccal Nucl^e, SI Nuclease, 
bvalbuinin. Oxalate Decarboxylase, Pectinase, Acid Phosphatase, Alkaline 
Phosphodiesterase I, Phosphodiesterase U, Phosphoenolpyruyate Carboxylase, 
Phosphoglucomutase, Phospholipase A2, Phospholipase C, Plasma Amme Oxidase, Pokeweed 

25 Antiviral Toxin, T4 Polynucleotide Kinase, Polyphenol Oxidase, Protease, S. aureus, Proteinase 
K, Pyruvate Kinase, Reverse Transcriptase, Ribonuclease, Ribonuclease Tl, Ribonucleic Acid, 
RNA Polymerase, IWA Polymerase, T7, and Xylose isomerase. 

In various embodiments, the invention can be defined as including any of the proteins 
listed above (either exclusively, substaiitially, or including). For jBxample, flie invention can be 

30 defined wherein flie protein is exclusively (Le., consists of), or substantially (i.e., consists 
essentially of), or includes (Le:, con^rising) OPH (or, alternatively, any of the other proteins 
from flie above list). 

While there is an enormous variety of proteins, there is also an enormous ovarlg^) in flie 
chemical moieties tiiat make up the protein structure. The same types of amino adds are 
35 common to most proteins. This similarity in chemical moieties enables the same coupling 

techniques to .be used to bond proteins onto supports. For example, flie sulfliydryl of cysteines. 
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the amino and caiboxyl-terminal amino acids; and the amino groups of argmine and lysine, 
regardless of the protein in which these moieties reside, can typically be similarly reacted with 
coupling agents or the matm sur&ce. 

. In most instances, flie protein is not directly bonded to the support In some cases, a 

5 connecting moiety or moieties bonds to the support and the protein. For exanqjle, tiie coupling 
agent can be reacted via hydroxyl moieties on the support with amines on the protein (see, for 
example, U.S. Patent No. 5,077,2 10 which is incorporated herein by reference). These 
connecting moieties are preferably organic moieties having a chain length of 2 to 20 atoms, more 
preferably 4 to 10 atoms. Preferably, each protein is bound to the matrix via at least one coi^ling 

10 moiety, more preferably via 2 to 10 moieties. The number of moieties bound to each protein can 
be determined by appropriate analytical techniques, for exan^le, by cleaving off the bound 
proteins and analyzing the cleaved molecules by mass spectrometry. There are a large hmnber of 
known coupling agents for connecting surfece hydroxyls to proteins. For example, a coupling 
agpnt can have a siloxane (-Si(OR)x) terminal group that forms oxo bonds to the surfece, a . 

15 flexible organic chain (e.g., (CH2)n), and a thiol (-SH) terminal groiq) feat bonds with a protein. 

The protein system combining the support and the entrapped (for example, the non- 
covalently bonded, or covalently attached) protein can be difficult to characterize widi chemical 
precision. However, the system can be characterized by nieasurable properties. Measurable 
properties that can define various embodiments of flie invention include: pore size, pore vohmie, 

20 pore size distributiori, suifece area, activity, stabihty, density pf protein m 

system, and strength of systeuL It has been discovered that superior properties can be obtained 
by engiiieering supports with pore sizes (or pore volumes) that correspond to protein sizes (or 
protein volumes). Preferably the volume of a protein is between 5 and 40 % of the average pore 
volume (where, for purposes of this metric, the average pore volume is based only on those pores 

25 in the size range of 50 to 400A), more preferably the volume of a protein is between 10 and 25 % 
of the average pore volume. This size matching of protein to pore size can produce surprising 
in^)rovements in activity and stability. Alfhou^ the mechanisms causing these mq)roved 
properties are not fully elucidated, it is believed that the confinement of the protein may he^p to 
direct reactive species into fee protein and inay prevKit the protein fix)m 

30 Protein volume can be measured by biophysical mefeods such as analytical ultracentrifug^tion or 
x-ray crystallography. Preferably, fee activity, measured per protein molecule, is at least 60% of 
fee protein*s activity in the active state. Preferably, the system con^rises less fean 40 volume % 
protein; more preferably 5 to 40 volume % protein; stiU more preferably 10 to 2i5 volume % 
protein. Preferably, fee system possesses stability such feat when exposed to 8M urea (as set 

35 forfe in fee examples), fee protein in fee protein system is at least twice as stable as fee ftee 
protein, in some embodiments about 3 to about 5 times more stable. In ofeer embodiments, fee 
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piotem in the protein system is at leiast twice as stable (as measured by the rate of draaturing), 
more preferably at least 3 times as stable, as fee fee protein when placed in solution under any of 
the conditions fliat are set forth in the Examples. 

Another advantage obtainable by the present invention is high surfece area, as measured 

5 by N2 adsorption, of the protein system. As witti pore size, surface area is measured on flie 
functionalized surface for protein systems and on the unfimctionalized matrix material for the 
invention defined by methods and systems made by these methods. Surface area is preferably at 
least 700 mVg; more preferably at least 900 mVg. The upper limit of surface area may be limited 
by the upper limit of the mesoporous matrix materials of the type described by Feng et al. and 

Id similar materials. Another advantage of the presait inventiori is that it can produce a relatively 
dense protein system. Preferably, the protein in the system has a deosity of at least 0.01 imnol/g; 
more preferably a density of 0.1 to .l mmol/g. The inventive systems can be characterized by 
exhibiting any one ofits properties or several ofits properties in various con* For 
exan^le, iii a preferred embodiment the protein system exhibits an activity of 65 to 95% that of 

15 the active protein and has a density of 0.1 to 1 mmol/g. 

hk some preferred embodiments, the porous matrix material, including entrapped protein, 
is disposed witiiin a microchannel A microchannel is a channel that has at least one dimension of 
2 min or less, preferably 1 mm or less. Microchaimels can offer advantages such as enhanced 
heat and/or mass transfer and compactness of design. Testing with OPH cross-linked into 

20 SAMMS disposed in a 0.25 rnm wide channel has demonstrated low pressure drop (flow 
gravity or peristaltic pumping or less than 1 bar) and fast reaction times. Thus, the invention 
includes apparatus and methods in which a porous matrix material, including entr^Tped protein, 
is disposed within a microdiannel. In the mefliods, for example, a reactarit can be passed &rou^ 
die rnicrochatmel to form products. 

25 Proteins can be prepared by known procedures and, in preferred embodiments, do iiot 

need special procedures before reaction with coupling agent(s) to bond to tiie support. 
Preferably, prior to bonding within the matrix, the protein should be about 95% pure in an 
aqueous solution that stabilizes activity, and the buffer should not hinder the coiQ)ling chemistry. 
In the inventive method of preparing OPH, a host cell is transfected with a vector 

30 comprising a sequence encoding OPH, the sequence being operably liri 

control sequence. Ihetrarisfected host ceU is cultured under coniditioiispenmttinge?^^ 
under the (control pfthe expression control sequence. The OPH is purified from flie cell or the 
medium of the cell. In preferred embodiments, the vector is provided wifli &e sequence 
encoding OPH operably linked to the T7 e3q)ression control sequence. Preferably, the OPH has 

35 an activity of about 13,000 units/mg. Preferably, the vector is a plasmid. The host cell can be a 
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prokaiyotic cell, eukaiyotic cell, or yeast ceil. The prokaryotic cell is preferably a bacterhnn, 
more preferably the bacterium is Escheridiia colt The yeast cell is preferably PicMa pastoris. 

The matrix is preferably a mesoporous oxide material made &om soluble precursors. 
Examples of preferred syntheses are provided in U.S. Patents Nos. 5,645,891 and 5,922,299 and 
5 U.S. patent application ser. no. 09/020,028, all three of which are incorporated herein as if 
reproduced in full below, liu et al., "Molecular Assembly in Ordered Mesoporosity: A New 
Class of Highly Functional Nanoscale Materials," J. Phys. Chem., 104, 8328-8339 (Aug. 2000), . 
and the Feng et al. article referenced above. 

A typical synthesis for a matrix material was reported by Feng et al., ScieiKe, 276, p923 

10 (1997). A CTAC/OH solution was prqparcdby contacting a CTAC solution with a strongjy basic 
ion exchange lesin (DOWEX-1, 02 g resin per gram of 29% CTAC solution). 13 g of colloidal 
silica, 51 g of tetramethylammonium silicate and 28 g of mesitylene were added to eadi 100 g of 
CTAH/OH solution. Hie mixture was sealed in a teflon'^-lined vessel and heated at lOS^'C fixr 1 
week. The product was recovered by suction filtration, dried at ambient ten^rature, and 

15 calcined at 540°C for 12 hours in air. Tbe surface of the resulting mesoporous material was 
functionalized by a variety methods. For exanple, the surface can be fimctionalized with thiol 
groups by reaction with tris(methoxy)mercaptopropylsilane. The resulting functionalized matrix 
is called a "SAMMS," Thepercentsurface coverage was estimated based on (i) the suifece area 
of the support, (ii) the weight change after the functionalized monolayer was attached, and (3) the 

20 ideal loading density that could be achieved on flat surfaces. The percent sur&ce coverage can 
be v^ified by electron energy-di5persive.spectn>scopy (EDS). 

As knovm in the art, various q>proacbes can be used to attach a protein for a support. In 
a preferred embodiment, the support is pretreated with a coiqjling agent, such as bis[2- 
. (sulfosuccinimidoxycarbonyloxy)ethyl]sulfone (BSOCOES). Excess coupling agent can be 

25 washed out. A protein is subsequraitiy reacted with tiie coi^ling-agent-treated surfiace. 

Alternatively, protein can first be reacted with the coupling agent, and subsequently reacted with 
the sinface of the matrix. Excess protein can be washed out and recovered. 

In a prefeired method, the functionalized porous matrix is first reacted wifli a cross- 
linking agent For exainple, an amino-derivatized SAMMS is reacted widi s^^ 

30 gilutaric dialdehyde. If present, it is desirable Hbst excess oioss-linking agent is removed. Tbien, a 
protein is added Preferably, flie protdoi is in a low concentration solution. Hiis procedure 
reduces or eliminates the possibility intermolecular cross-linking of ttie protein by the cross- . 
linkbgagent 

In an alternative method, a porous matrix material (preferably a functionalized porous 
35 matrix material) is combined wifc a protein, without the addition of a cross-linking agent In this 
manner, a protein system can be prepared in which the protein is noncovalently bonded to a 
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10 



30 



porous matrix. This method is preferably conducted by tailoring electrostatic interactions sudi 
that the porous matrix creates a complementary environment for the selected protein (for 
example, amino groups in the pores of the matrix match up with carboxyl groups on the protein). 
Factors tibat may be considered in tailoring the electrostatic interactions have been discussed 
above. 

Protein systems, as described herein, can be made using any of the methods described 
hmfin, and these methods are also part of the present invention. 

E5CAMPLES 



We obtained the OPH gene available from the ATCC and siib-cloned it into 2 vectors 
purchased from Novagen, pETl 1 a and pETl 5b. Two Novagen vectors were used ?o that botfi a 
native version of OPH and an OPH containing a His-Tag"™ could be produced We produced 
multiple clones of both types. These Novagen vectors contain strong promoters and &ey are 
15 designed to maximize desired protein yields. Restriction digests confirined that we correctly sub- 
cloned the OPH gene and ttie resulting constnicts yielded active OPH protein: SEQ ID No. 4 
(Fig. 4). 

Bacteria] expression and purification: After the recombinant OPH protein was linked to 
the nanoporous substrate, purification steps were carried out The total expression levels 

20 achieved were on tiie order of 4 g/liter for total protein. We purified -10 mg/liter active protein 
from &e soluble fraction. Thus, most of the OPH is in inclusion bodies; i.e, it is present in an 
inactive form. The fact that the protein is present in inclusion bodies sin^Dlifies purification. 
OPH purified directly from washed and centrifiiged inclusion bodies appears almost as pure as 
OPH purified by afiBnity column chromatography ais analyzed by SDS polyacrylamide gel 

25 electrophoresis. I^ge scale methods for recovering activity fitim inclusion body proteiiis may 
be developed through routine e^qperimentation. TUssimpMedpuiification procedure is suitable 
for industrial production. 



MATERIALS AND METHODS 



Materials : 

Diethyl p-nitrophenyl phosphate (paraoxon, 90%), different metals salts,.g)iycerbl and all buffers 
and other salts were purchased from SigmaCD-Aldrich®. 

Components of fermentor media (Peptone and Yeast extract) were obtained firom Gibco BRI^ 
35 expression vectors (pETl la™, pET15b^ were purchased fi:om Novagen Inc., Madison, WL 
Primers for PGR were ordered firom Genosys Inc.. 
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Bulk chromatography media for the protein purification was obtained fiom Pmeptive . 
Biosystems (HS^ and HQ"^). 

Polypropyl columns as well as nonderivatized silica resin for comparison of OPH linking 
obtained from Poly LC Inc., Columbia, MD. 
5 Cross4inking reagents for enzyme immobilization were piurchased from Pierce Oiemicd 
Company, Rockford, IL . . 

The abbreviations used: 
CTAC, cetyltrimelhylammonium chloride 
10 OPH, organophosphorous hydrolase, 

HEPES, N-2-hydroxyethylpipOTane-N'-2-ethanesulf6m^^ 
CHES, 2-(cyclohexyIamino)ethanesiiIfiM3ic acid, 
IPTG, isbpropylthiogalactoside, 

SAMMS, self-assembled monolayers on mesoporous silica, 
15 Sulfo-BSOCOES,bis[2-(sulfosuccinimidoxycaibonyloxy)efliyl]sulfone, . 
DTSSP, dithiobis(sulfosuccinimidylpropionate). 
P-ME, P-mercaptoeflianol 

Matrix Svnfliesis: 

20 A typical procedure for preparing the mesoporous oxide material used in ibe Examples is 

as follows. Mesoix>mus siUca with 300A pore diameter was prq>ared by a liquid ciys^ 
templating procedure. Triblock copolymer, Pluronic P123D (a propylene oxide/ethylene oxide 
copolymer available from BASF, May = 5,600) was used as a stmcture-directing agent and 
mesitylene as a pore expending agent 20g of Pluronic P123 was dissolved in 150 g of deionized 

25 (DI) water and 600g of 2 M HCI solution at 40°C with stirring. 3 1.9g of mesitylene was then 
added and kept stirring at the same tenqjCTature. 42.5g of TEOS was add^ 
cloudy miceUe solution and cured at that tai9)erature for 20 h with stirrings The mixture was 
aged in a teflon-lined autoclave at 100**C overnight wi&out stirnng. The ^te solid was filtered, 
wadied with PI water, and air-drieA This soKd was calcined at 550*C for 6h w^ 

30 . increasing tempeiature(l°Omin). 

In a typical preparation of 20% propylcaiboxylic acid frmctionalized mesoporous silica, 
2.0g of niesoporous siUca (average pore «2» = 30 nm, surfece area = 533 mVg) was first 
suspended in toluene (60niL) arid pretreated with approximately a bilayers' worth of DI water 
(0.64ml), This suspension was stin^ for 2 hours to distribute the water throughout the 

35 mesoporous matrix. The hydrated mixture was then treated with 20% (0.288g) of 1 monolayer's 
3-cyanopropyltrimethoxysilane (CPTS) and heated to reflux for 6 hours. The treated mesq)orous 
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silica was washed with toluene to remove any unreacted sflanes. . The air-dried CPTS-SAMMS 
materials were Ihen treated wifli 50% H2SO4 solution and refluxed for 3 hours. After washed 
with DI water extensively, the white sainple was dried under vacuum at 70®C overm 

in case of 20% aminopropyl (APTS) and mercaptopropyl (MPTS) functionalized silica, 
5 the same procedure was applied without hydrolysis step. To the suspension of 2.0g of 

mesoporous silica, toluene (60niL) and 0.64g of water and 0.188g of APTS or 0. 206g of MPTS 
Were added separately. The mixtures were heated to refliix for 6h, and flien filtered off, washed 
widi etfaanol, and dried under vacuum at 70^C 0 veniig^t 

10 OPH subclonine: 

OPH sequence was cloned by PCR using pCMS75 plasmid in Rcoli FM5 (Amgen hic.) ^ch 
had been obtained fiom American type Culture Collectiori, Rockville, MD (ATCC® #67778). 
Primers for PCR reaction were chosen using Primer Premier™ software, version 4.04, firom 
Premier Biosoft.Intemational. The primers used were listed as followmg: 
15 OPH upstream primer, 26-mer: SEQID No. 1 5' TAAATTATCTCTGGCGGTGTTGACAT3' . 
OPH downstream primer with BamHI restriction site (recognition sequence in bold), 20-men 
SEQ ID No. 2 5' GAAGGATCCAGATGGCGTCA 3' 

OPH sequKice was subcloned using Ndel, BamHI restriction sites into pETl la. The resulting 
OPH sequence encoded the mature portion of OPH enzyme, i.e., without N-terminal 29 amino 
20 acid signal sequence, so that the length of the sequence is 1010 bp, which corresponds to 337 
amino acids in total or 36,419 Da in MW. . 

The confirmation of the correct product of cloning was made by PCR and restriction enzyme 
digest 

A plasmid diagram for OPH is illustrated in Fig. 2. 

25 ■ ■ 

Expression and purification: . 

The organophosphorous hydrolase was purified from Rcoli expression system using 

oph-pETl la plasmid and BL21(pE3) pLyss''**, Novagen Inc., as a host strain. (N-terminal His-. 

Tag*^ OPH subcloned into pET-l 5b plasmid) Inductioii with IPTG was shown to produce a 
30 protein which has apparent mobility on SDS gel conesponding to prediction based on the gene 

sequence of mature native OPH protein wifliout N-teiminal signal sequence (about 36 kDa or 

wife the N4erininal His-Tag about 38 MDa). Identity of the recombi^ 

confirmed by aminoacid analysis and appearance of Paraoxon hydrolysis activity in crude cells 

lysate after induction with IPTG. 
35 The general protocol iised for propagation ofcells ill Bio-Flo 3*000 fennenter (New 

Bruriswick, Inc.) was as follows: 
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The E.coli cells wore grown for 12 hours at 30 ''C in a flask, 100 jil of ^yceiol stodc/lL of LB 
media, 100 jig^ ampicillin, 35 iigAnl chloranq>henicol, and this starting culture was used as 
inoculums for the femienter. 500 ml ON culture witti Op=0.5 were spun down, washed with 
fresh 13 media, spun again, redissolved in 250 ml of LB without antibiotics, added to th^ 
5 fermenter media, total volume=2.5 L (NOTE: make sure not to add ImM C0CI2 to LB media 
for ON starting culture, since it kills the cells). 

Cells in the fermenter reached mid-log phase after 4.hrs at 37 °C in a medium containing 5 g/l 
Yeast Extract, lOg/1 Peptone, 5 g/l NaCl, 1 ml/1 antifoam, 60 mM K2HPO4, 15 mM KH2PO4, 1 
mM C6CI2, 1.32 jig/ml thiamine, 100 \Lg/tol ampicillin, 35 ugAnl chloranqphenicol, lOgfi 

10 glycerol and trace metals (10 nM NH4Mo70i4, CuSO*, HsBQj, MnCt ZnCW, 50 |iM FeQa, 0.5 
mM CaCia, 1 mM MgS04. Oxygen level was maintained at 35% using DO-agitation-oxygen 
triple cascade, setting up agitation range 200 xpmmininnmi to 800 ip^^ Initial 
glucose concentration in the media was 10 g/l, glucose level was monitored during die nm using 
regular glucose strips and kept to be not less thian 2 g/l. 

15 When agitation reached 467 ipm, OD550=5, glucose level was 2 g/l. Thirty-one (3 1) ml of 40 % 
glucose were added to bring the glucose level to 5 g/l. When agitation reached 700 ipm, 
- 00550=15, glucose level dropped again to 2 g/l. The temperature was lowered to 28 the 
mixture was induced with 0.25 mM IPTG and anolher 31 ml of 40 % gjucose were added. 
After 4 hrs of mduction at 28 *C, another 0.25 mM IPTG were added (total of 0.5 mM). Ibe 

20 glucose level was 2 g/l again and 63 ml of 40 % glucose were added to bring the glucose level to 
10 g/l. After 2.more hours of induction, cells obviously continued to grow, ten^)eratur6 was 
lowered to 24 **C and the cells were left in a fermenter ON for another 14 hrs. Finally, the cells 
were harvested by centrifiigation at 6,000 rpm for 20 Dim at 4 "C. 

From 2.5 1 of cell culture, about 150 g of wet weight cell paste was isolated and the cell paste.was 

25 stored at -80 °C. 

We were able to purify from 60 g of cells (corresponds to 1 L of culture) about 90 mg of 
OPH with activity of 13,294,12 units/mg. This yield can be compared to the Uterature. Ornburo 
G.A,, Kuo J.M., MuUins L.S., and Raushel F,M., in Oiaracterization of flie Zinc Binding site of 
Bacterial Phosphotriesterase. JBC, 1992, v.267(5): 13278 - 13283 reported getting from 160 g 

30 of cells about 298 mg of cobalt phosphotriesterase witti activity 8'020umts^ 
Lai Dave K.L, and Wild J.R. (Bimetallic Binding Motife in Organophos^ 
Are Important for Catalysis and Structural Organization. JBC, 1994, 269^4): 16579 - 16584), 
which is more difScult to compare, reported purifying 5 mg of OPH per 1 L of culture (probably 
grown in flasks). They favored using weak promoters for expression (native Plac) versus strong 

35 promoters, Uke T7, because the yield of OPH activity they got with strong promoter constructs 
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was lower (data not shown). All purification steps were performed at 4 °C using prercooled 
equipment and Revco Chroinatogr^hy Refidgeration cabinets. 

The bacterial cells (60 g) were suspended in 420 ml of lysis buffer A, containing 100 mM 
HEPES pH 8.5, 50 uM C0CI2, 1 mM DTT, antiprotease cocktail (pepstatin, leupeptin and 
5 aprotinin), and ceils were lysed using French pressure cell 2 times. Soluble protein siqjematant 
obtained by 100,000 x g centrifugation for 1 hr (Avanti™, Bechman), was loaded on 500 ml 
HQ™ anion-exchange column (Perseptive Biosystems) equilibrated in buffer A, with substitutioh 
of linM DTT for 5 mM beta-mercaptoethanol (2-me). The column flow rate was 25 ml/min. 
Flow-Aroug^ containing OPH was collected, pH was adjusted to 7.5 using 1 .M MBS, pH 5.5, 

10 and applied on a 250 ml HS cation exchange column (Perspective Biosystems), equililTrated in 
0.1 M HEPES, pH 7.5, 50 uM C0CI2, 5 mM 2-me. Hie column flow rate was 25 ml/min. 
Flow-ttuougji of HS column was retained, enou^ dry (NH4)S04 was added to make final 
conductivity of the san^le to be equal to conductivity of 1 M (NH4)S04 solution (i.e., 105 mS 
/ml), using a conductivity meter Orion 126, Cell 012210. A sample was loaded on a 180 ml 

15 Polypropyl A^ (PolyLC, Inc.) column, equih^brated in 1 M (NH4)S04, 0.1 M HEPES pH 7.5, 5 
mM 2-me. The column flow rate was 10 mlAnin. 

After 3 column volume wash widi equilibration buffer 10 column volume gradient to 0.1. M 
HEPES pH 7.5 was applied, OPH was eluted in the v&ry end of the gradient We were able to 
purify close to 100 mg of pure OPH fix)m 60 g of cells (corresponds to 1 ^ 

20 After concentrating the protein up to 3 mg/ml using Mil^>ore UltraFree ®Biomax centrifugal 
conc^trators with 30 K NMWL (30 kDa cut-off) membrane and dialysis against 20 % glycerol 
to 0.1 M HEPES pH 7.5 50 uM C0CI2 protein was aliquoted and stored at -80 **C. Specific 
activity was determined as 13,294.12 units/mg (see Table I and summary SDS gel). 

The difference in activity of the protein \\4iich came as a peak fi'om HIC and the same 

25 protein after concentration and dialysis probably may be explained by the buffer exchange. In 
one case, the buffer contained beta-mercaptoethanol, the conpetitive inhibitor of OPH activity, 
and no C0CI2, ^e other the buffer contained 50 iiM C0Q2 aod no 2-me. 
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Table! 

Purification of OPH (Co in active center) 



Purification stage 


Total 

protein, 

mgs 


Volume, 
ml 


Total activity, 
units 


Purification, 
fold 


Specific 
activity 
uiiits 


Cell lysate 100k supernatant 
62 g cells 


20^25 


620 


1,133,364 
(100%) 


1.0 


54.16 


HQ 500 ml flow-througti (HS 
starting material) 


10,044 


1000 


923,435 (81.48 
% recovery) 


1.69 


9154 


HS 250 mi flow-througji QSC 
starting material) 


7,714 , 


1240 


903,529 (79,72 
% recovery) 


2.16 


117.13 


HIClSOmlOPHpeak 


100 


180 


468,465 (41.33 
% recovery) 


86.5 


4,684.66 


Pure OPH aiEter concentration 
and dialysis, 3 mgAnl 


90 


.28 


1,196,473 


not applicable 


13,294.1 



OPH immobilization: 
5 Mediaused: 

1. SAMMS: derivatized with SH-, C00-, NH2- active groups, 5 % and 20 % coating (5 % 
and 20 % of all available silane groups get modified or derivatized with active groups). 
Characteristics of the media: 250 A 12 - 15 um beads, siur&ce area around 450 mVg 



10 2. Poly IX; Silica: Purchased uncoated, derivatized in P^M.w^ 

% and 100 % coating. Characteristics of the media: 300A 12 um beads, sur&ce area around 
lOOmVg. 

After screening for tiie best linking chemistry that would give the hi^est density of bound 
15 enzyme as well as lowest losses of activity and lowest diffusion limits, we chose linking of OPH 
throu^ its NH2- groups to NH2- derivatized media. 

Many cross-linking agents were tested, among them 2 were found to be especially e£5cient 
Sulfo-BSOCOES, bis[2-(sulfosuccinimidoxycaibonylpxy)ethyl]sulfone, and DTSSP, 
20 dithiobis(sulfosuccinimidylpropionate). The advantages ofthese 2 cross-linking agents are as . 
. follows: 

i. Boft cross-linking agents have spacer arms (12 A in length for DTSSP and 13 A 
forBSOCOES). A spacer arm is beneficial to avoid steric hindrance. 
iL Bothof them are water soluble due to the sulfo- functioning group. 
25 . iiL Pierce (Rockford,IL) recommended PBS as the liiiking buffer, pH 7.5. ThispH 

is favorable for OPH because OPH tends to aggregate and lose the metal bom active 
center at an acidic pH, i.e.,pH lower than 6.5. A higher pH has another advantage: 
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The hydrolysis of>ffiS^sters proceeds faster at a higher pKL Therefore when we 
used a hi^er pH, we obtained a higher molar ratio of cross-liiddng agent per protein. 
- iv. Bo& produce stable covalent amide bond, which in case of DTSSP is cleavable 
with thiols (DTT,mercaptoethanol, etc.). this feature could be usefiil for certain 
5 applications. 

Standard prDtocol for sulfo-BSOCOES or DTSSP coupling of OPH to NHj-derivatized surface: 
(Pierce protocol with littie modifications) 

id 1. Sulfo-BSOCOES or DTSSP cross-linking reagents (coine in tubes) should be stored at 
-20'*C, preferably desiccated, under nitrogen. In practice it is a good idea to use nittpg^ 
glove box or nitrogen bags (filled with nitrog^ using a nitrogen tank in a cold room) ^en . 
woik wifli the cross-linking reagents (i.e.. to aliquot the content of the original tube). Always 
let the reagents come to room teniperature before opening the tube. 

15 2. The media &at is planned to link OPH to should be well swollen in water. In general 

we used 500 mg of media / 5 ml H2O and made a -50 % slurry (v/v) for SAMMS. This 
slurry was very stable when stored at +4 °C. NOTE: For PolyljC media: 2x more media in 
dry weight conq)ared to SAMMS should be used (i.e. - Ig of PolyLC media / 5 ml H2O and 
make a -50 % slurry (vAr)). 

20 3. OPH, 09/02 purification, [3 mgtoil], aliquoted in 2.mls, stored at-80*C, was fliawed, 
and the buffer was changed from 25 mM HEPES pH 8.5, 20 % glycerol. 50 uM CoCU to 0.1 
Mcaib/bicarbonate,pH9.0. lheNAP-25columnthatweusedhjd aniaxvohimeof lOnil. 
With fliat, we were able to apply about 2.5 - 3.0 ml of the max smple volume. 

4. Concentrate up to 20 mg/'ml using the new MilHpore Biomax Ultrafite 4.0 ml 30K CO 
25 membrane unit, for 10' at ■K^'CSorvallCF, bucker rotor, at inax speed. 

5. With a cut yellow tip, added 50 % slurry powder in H2O to OPH, in 0.1 M 
carb/bicaibonate buffer pH 9.0, 90.1 ml volume for 2 mgs. The proximate ratio for the 
slurry powder is 150 ul 50% slurry /2mg of protein: 2 types of derivati2ation CNH2- 20 % 
and 100 % coverage) of PolylX: siHca, and >JH2-SAMMS 20 % coverage. 

30 6. Dissolve 1,5 mg or 3 mg or 6 mg Sulfo-BSOCOES or DTSSP in 590 ul of 5 mM MES 
pH5. (to get 10x,25x, and 5Qx molar ratio oifcn)ss-linkmgagent^tem^ 
7. Immediately add the cross-linking agent solution (125 ul 72 mg of protein) to each 
. q>pendorf tube drop-wise, mixed, put the tube on rotating device, at room terr^emture for 45 
min. 

35 8. Add stop-solution :1ml of IMTris pH 8.1, Ihr at room ten9)erature. 
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9. Wash with PBS 2 times, 0^ M NaCl-PBS one time, and PBS one time. Re-suspend in 
100 mM HEPES pH 8^ - 50 uM CoCU and stored at +4*»C. 

10. Estimate the amount of protein lined to the resin using BCA Pierce kit, allow to react 
at37**Cfor30miiL 

5 ' ; 

Example 1 

Coupling of OPH to SAMMS-MH2derivatized surfiace usmg Sulfo- BSOCOES 20 % coating, 
with 50x molar excess of cross-linking ag^t per protein. 

10 

I The standard protocol was followed, thus: 

1. . A nitrogen glove box filled with nitrogen was used for taking aliquots of die . 
content out of the tubes containing Sulfo-BSOCOES. 

2. Five hundred (500)mgofmedia were used in 5 ml H2O and n:iade a '-SO % slimy 
15 (v/v). This slurry was very stable when stored at +4 °C, 

3. OPH,09/02purificatioii,[3mg/ml], aliquotedih2ml,storedat-80**C,was 
thawed, and the buffer was changed from 25 mM HEPES pH 8.5, 20 % glycerol, 50 uM 
C0CI2 to .0.1 M caib/bicaibonate, pH 9.0 using Pharmacia Sephadex G-25 cohmm. Hie . 
NAP-25 colunm that we used had a max volume of 10 mL Wift thatj. we ^ 

20 apply about 2.5 -^3.0 ml ofthe max sanple volume. . 

4. Concentrate up to 20 mg/wl using the new Millipore Bioinax Ultrafiee 4.0 ml 
30K CO membrane unit, for 1 0 inin at *C Sorvall CF, bucker rotor, at tnax speed. 

5. With a cut yellow tip, added 50 % slurry powder in H2O to OPH, in 0.1 M 
ca^b^icarbonate buffer pH 9,0, 90. 1 ml volume for 2 m^. The approMmate ratio for &e 

25 slurry powder is 150 ul 50 % slurry / 2 mg of protein: 2 types of derivatization (NH^r 20 

. % and 100 % coverage) of PolyLC sihca, and NH2-SAMMS 20 % coverage. 

6. Dissolve6mgofSulfo-BSOCOESin590ulof5mMMESpH5. 

. 7. Inmiediately add the Sulfo-BSOCOES.solution (125 ul/2mg of protein)!^ 
eppendorf tube drop-wise, mixed, put the tube on rotating device, at room ten^^ 
30 for45mia 

8. Add lmlof IMTiispHS.l, llifatroomten]9)ecature. 

9. Wash with PBS 2 times, 0.5 M NaCl-PBS one time, and PBS one time. Re- 
suspend in 100 mM HEPES pH 8.5 50 uM C0CI2 and stored at +4°G. 

.10. Use a BCA Pierce kit, allow to react at 37''C, the estimated amount of OPH 
35 linked to the resin = 25.0 mg/ml media and 125.0 m^g media. . 
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Examplol 

Coupling of OPH to SAMMS-NH2 derivatized surface using Sulfo- BSOCOES 20 % coating, 
with 25x molar excess of cross-linking agent per protein. The procedures were similar to 
5 Example 1, except for step 6: 3 mg of Sulfo- BSOCOES were used instead. Hie estimated 
amount of OPH linked to the resin = 1 6.0 mg/ml media and 8.0 mg/g media. 

. Exaii5)le3 

10 Coupling of OPH to SAMMS-NHaderivatized surface using Sulfo- BSOCOES 20 % coating, 
wi&lOx molar excess ofcross-linkingag^t per protein. The procedures weie similar to 
Example 1, except for step 6: 1 .5 mg of Sulfo- BSOCOES were used instead The estimated 
amount of OPH linked to the resin - 5 .0 mg/ml miedia and 25 .0 mg/g media. 

15 Example 4 

Coupling of OPH to SAMMS-NHj derivatized surface using DTSSP 20 % coating, wift 50x 
molar excess of cross-linking agent per protein. The procedures were similar to Example 1, 
except for step 6; 6 mg of DTSSP were used instead. The estimated amount of OPH linked to the 
20 resm = 25.0 mg^ media and 125.0 mg/g media. 

Example 5 . 

Coupling of OPH to SAMMS-ISIH2 daivatized surface using DTSSP 20 % coating, with 25x 
25 molar excess of cross-linking agent per protein. The procedures were similar to ExanQ)le 1, 

except for step 6: 3 mg of DTSSP were used instead. Tlie estimated amount of OPH linked to fte 
resin- 16.0 m^ml media and 80.0 mg/g media. . 

Exanq>le6 

30. . 

Coiq)ling of OPH to SANlMS-l^aderivatized surface using D 

molar excess of cross-linking agent per protein. Hie procedures were similar to Example 1 , 
except for step 6: 1.5 mg of DTSSP were used instead. The estimated amount of OPH linked to 
the resin = 5.0 mg/ml media and 25.0 mg/g media. 

35 
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ExaiDple? 

OPH was coupled to PolyLC at 20 % and 100 % coating surface using Sutf^^ 
DTSSP, with lOx, 25x, and 50x molar excess of cross-linking agent per protein. The procedures 
5 were similar to Example 1 to 6, except for step 2: 1000 mg of PolyLC were used per 5 ml H2O 
and made '-SO % slurries (v/v). 

The estimated amount of OPH linked to the resin is listed in Table n. 
10 Table n 



Media 


SAMMS-NH2,20% 
coating 


PolyLC, 20% coating 


PolyLC, 100% coating 


molar excess x-linking 
agent 


10 X 


25 X 


50 X 


10 X 


25 X 


50 X 


10 X 


25 X 


50 X 


OPH bound, mg/ml 
media 


5.0 


16.0 


25.0 


5.0 


5.0 


6.74 


7.0 


8.5 


9.0 


OPH bound, mg^g 
media 


25.0 


80.0 


125.0 


12.5 


12.5 


16.85 


17.5 


21.5 


22.5 



It can be seen that inventive compositions are capable of hig^o* density loading ibm wifti 
conventional silica (PolyLC). Thus, preferred embodiments ofthe invention can be diaracterizBd 
by loading densities. Preferably the protein system has density that is 2 to about 7 times higjher 
15 (in Ttig/g) tilian PolyLC with the same coating %, more preferably about 5 to about 7 times higher. 
In a prefenred embodiment, the densities are measured at a 20% coating. 

Exanq)le 8 - Effect of Denaturing 

20 Stability to denaturing conditions of OPH-SAMMS and soluble OPH was conducted using urea 
as the denaturing agent at concentrations of 4 M, 6 M and 8 M The phrases **Soliible OPH** or 
"OPH solid)le" in flie Examples section refers to flie non-inclusion body OPH tiiat was released 
during cell breakage with the French Press and soluble in the buffers indicated^f^ . 
purification step. The results are shown in Table 3 below. 
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Table HI 





4M 


6M 


8M . 


OPH Soluble/ 
immobilized 


soluble 


unoblized 


soluble 


imoblized 


soluble 


imoblized 


Acti>aty % 


94±8 


108 ±10 


39.5 ±0.3 


72.1 ±0.7 


4.0 ±0.5 


21.6 ±02 



The iiranobilizedenTyme was far more stable than the fieeprote Thus, prefered 
embodiments of the invention can be characterized by their stability to denaturing agents. 
5 Preferably the protein system has a stability, in 8M urea, that is at least twice as stable as the free . 
protein, and in some embodiments, about 3 to about 5 times more stable. 



ETcan^le 9 - Recovery From Dehydration 

10 

Dehydration and recovery experiments were conducted using the immobilized OPH-SAMMS 
and soluble OPH. While soluble OPH retained only 7 ± 1 % of its activity, &e OPH-SAMMS 
completely retained its activity (106 ± 8 %). 

.15 " 

Exaii?)le iO - Kinetic Properties 

A kinetic study was performed wilh immobilized OPH on SAMMS, immobilized OPH on 
PolyLC» and soluble OPH. En2^natic activity was measured using l inMparaoxon solution at 

20. 25 C and monitoring.die change in absoibance at 405 nm when substrate was hydrolyzed .to 
die&yl pho^hate and p-nitrophenolate (extinction coefficirat 17,000 M"* cm'*) in 100 mM 
CHES buffer^ pH 8.0, 50 uM GoCU. Analysis was with a Hewlett-Packard model 8453 UVA^is 
spectrophotometer in kinetics mode equipped with the Thermostable Cell Holder and CeU 
Stirring Module. Fresh dilutions of substrate were prepared no more than 30 minutes before 

25 measurements. SigmaPlot was used to draw linear regressions of the data. The PolyLC 

(Columbia, MD) silica was purchased uncoated, and derivitized with amino groups. The pore 
size of the 12 um beads was 300 A. Both OPH immobilized of SAMMS and PolyLC have flie 

30 • • • ■ 
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same K« as soluble OPH, but demonstrated lower Vm«: 2.83 fold lower for OPH-SAMMS, and 

6.44 fold for OPH-PolyLC/ That is: OPH-SAMMS has approxiniately 

23 times faster reaction rate than OPH-PolyLC. Mass in the table refers to mass of OPH. 





OPH soluble 


OPH-SAMMS 


OPH-PpfyLC 


Concentration, (ig/inl 


0.150 


0.375 


0.16 


0.40 


0.15 


0.40 




0.099 


0.125 


0.086 


0.127 


0.087 


0.130 


Vo«.AU/s 


0^0 


1.87' 


0.15 


0.66 


0.08. 


0.29 



5 

Ejbnqple 11 -Stability in Alicaline pH 



la this e?q)eriment, OPH-SAMMS and soluble OPH were tested for stability under alkaline 
conditions. After one hour of alkaline pH treatinent (IM Tris, pH 12.0), &e OPH-SAMMS was 

10 found to retain 1 1.6% of its activity as c6nq)axed with 0.77% for &e soluble OPH, and after 24 
hours of this alkaline treatment, the OPH-SAMMS was found to retain 9.9% of its activity as 
compared with 0.03% for the soluble OPH. The conditions in this example define whsit is meant 
by "alkaline conditions" as that term is used in this applicatioiL While the example illustrates an 
OPH system, it should be recognized that the stability advantages provided by the mesopoious 

15 . matrices of the present invention are general, and it is expected that oflier proteins will obtain 
simihv stability advantage. 

Exanq)le 12 - Thermal Stability 

20 E3q)eriments studying thermal stability showed that OPH-SAMMS was significantly more stable 
than OPH in solution. Tlie results of ftiese e>q)eriments are shown in the Tables below. 





OPHsoluble . 


Storage Time, days 


7 


14 


30 


Ten^erature, ®C 


4 


room 


37 


4 


room 


37 


4 


room 


37 


Activity % 


95 


85 


80 


92 


80 


65 


90 


75 


50 






OPH-SAMMS 


Storage Time, days 


7 


14 


30 


Ten^erature, 


4 


room 


37 


4 


room 


37 


4 


room 


37 


Activity % 


100 


100 


5 


105 


107 


85 


102 


103 


80 
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Exaiqple 13- Effect Of Lyophilization 

OPH-SAMMS and soluble OPH were subjected to lyophilization conditions (IM MES, pH 5.0) 
5 and it was found that OPH-iSAMMS retained 50% of its activity after 1 and 24 hours, while the 
soluble OPH retained only 15% of its activity after 1 and 24 hours. 

Example 14... 

. (1 ) A nitrogen glove-box filled with nitrogen was used for taking aliquots of the content 
10 out ofthe tubes containing Sulfo^BSOCOES. 

(2) OPH in pH 7.5, 0.1 M HEPES/50 yM CoCli, purified on 05/04/01, aliquoted in 1 nd, 
stored at -^O^^C, was thawed in a refrigerator. The ^i^one stock contained 9223.30 
units (029 mg OPH protein amount) per ml- 

(3) An aliquot of 2 - 4 mg of 300 A 2% NH2-SAMMS in 1 .8 ml tube was added with 

15 100 - 200 nl of 32 mg/ml Sulfo-BSOCOES in pH 7.5, 0.1 M HEPES/50 \M CoQi, 

shakmg for 2 min. Then, it was centrifiiged at 1400 IU*M for 2 min. and the 
supematant containing the excess the cross linker was separated, the deposit was 
washed with 100 pi of the same buffer. Ihen it was added widi 1^ 
OPH stock, shaking at speed 2400min'^ on ]^)pendorfTheniiomixer5436at25*C 

20 fbr45-90min. 

(4) Then the enzyme incubation solution was separated and the resulting deposit was 
washed by n X 400 pH 7.5, 20 mM Phosphate/D.15 M NaCl (i^lO). In betwe^ 
it was centrifiiged at 14K RPM for 6 niih. Finally, the washed deposit was 
resuspended in the same washing buffer again by 160 |il of (he buffer per mg of 

25 original SAMMS. Both the suspension and the clear solution after the exhaustive 

washing were measured, indicating that the non-fiimly immobilized OPH was 
completely washed out 

(5) The estimated protein amount of OPH covalently hnked was 1 1.00 mg/g SAMMS by 
Pierce BCA Assay Kit (Pierce, 23227) with the initial specific activity 1 1386.07 

30 Units per mg linked OPH. 

Example 15 

(1) 10.17 mg GOD (Sigma G-7016) was dissolved in .5 ml of pH7.5, 20 mM 
Phosphate/0.15 MNaG as the GOD stock. Ihe enzyine stock contained 3^^^^ 
35 (1.05 mg OPH protein amoimt) per ml. 
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(2) Similar to ^cample 14, but used ttie GOD stock and 300 A 20% NH2-SAMMS 
instead. 

(3) GOD activity was measured using Sigma standard method (revised on 08/30/96). . 
. (4) The estimated protein amount of GOD covalently linked was 14.85 mg/g SAMMS, 

5 with the initial specific activity 11431 Units per mgli^ 

Example 16 

(1) 9.95 mg GOD (Sigma G-7016) was dissolved in 5 ml of pH 7.0, 20 naM. 
Phosphat£y0J5 M NaCl as the GOD stock. The enzjmie stoc^ contain^ 

10 (1 .08 nag OPH protein amount) per ml. 

(2) Similar to Example 15, but used 200 - 400 yd of 5% Glutaric Dialdehyde (Aldrich, 
34085-5) in pH 7.0, 20 mM Phosphate/0.15 MNaCl insteadof the sulfo-BSOCOES 
solution as flie covalent linker source. 

(3) The washing solution was pH 7.0 instead of pH 7.5 used in Exan^le 15. 

15 (4) The estimated protein amount of GOD covalently linked was 8 1.64 mg/g SAA^^ 

with the initial specific activity 72.34 Units per mg linked GOp. 

Example 17 

(1) GI, purified fix)mStreptomycesrubigbfiosus, was obtained from Hani^to^ 

20 Iiic. It was dialyzed in pH7.5, 20 mM Phosphate/0.15 M NaCl/1 mM MgS04, 

aUquoted in 1ml, stored at -80°C and thawed in a refrigerator before use. llieGI 
stock contained 18022 units (4.11 mg GI protein amount) per mL 

(2) Similar to Example 15, but used the GI stock instead of flie GOD stock. 
And the incubation was carried out at 46°C. 

25 (3) The washing solution was pH7.5, 20 mM Phosphate/0.15 M NaCl/1 - 20 mM . 

MgS04. . ■ • 

(4) GI Activity defmition at the present condition: 1 unit is 1 micromble D-Fructose 
converted to D-Glucose in one minute at pH 7.5, at 60"C, at 1.923 M D-Fructose 
concentration. The activity was measured in a general procedure as the following: 

30 . 5-20 ^loftheGI-SAMMS suspension was added with 0.5 ml 2M of D-FnictDse 

(Fluka 47739) in pH 7J, 20 mM Phosphate/0.15 MNaCl/20 mM MgS04, then 
shaking at speed 1400 niin'^ on ^pendorfThomomixeir 5436 at controlled 
tenq>erature 60**C for 15 min. Then, stopped the reaction by 10 ^ 
Next, the reacted solution 5 " 20 pi was added 2.0 ml Glucose (GO) Assay Res^t 

35 (Sigma, G3660) and allowed to incubate in water bath at 3TC for 30 min. The 

incubation reaction was stopped by 1.0 ml of 6 M H2SO4 and the absoibance was 
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measured at 540 nm. From the glucose standard curve, obtained the glucose amount 
produced torn the GI catalyzed conversion of Fructose. 
(5) The estimated protein amount of GI covalently linked was 48.47 mg/g SAMMS, 
with the initial specific activity 53.40 Units per mg linked GOD. 

5 

Example 18 

(1) Similar to Example 1 7, but used 200 -r 400 fxl of 5% Glularic Dialdehyde (Aldrich» 
34085-5) in pH 7.5, 20 mM Phosphate/0.15 M NaCl instead of the sulfo-BSO 
solution as die covalent linker source. 
10 (2) The estimated protein amount of GI covalently linked was 30.45 mg/g SAMMS, 

wifli Ae initial specific activity 39.19 Units per mg linked GOD. 

Example 19 

(1) purified OPH in pH 7.5, 0. 1 M HEPES/50 \iM CoCk, aliquoted in 1 ml, stored at - 
15 SO^'C, was thawed in a rejfrigerator. Hie enzyme stock contained 9223.30 units (0.29 

mg OPH protein amount) per ml. 

(2) AnaIiquotof2-4mgof300A2%NH2-SAMMSinl.8mltubewasaddedwith 
100 - 800 pi of the OPH stock, shaking at speed 1400 min'' on E])pend(nf 
•JTiermomixer 5436 at 25**C for 2 - 3 h. 

20 (3) Then the en2yme incubation solution was separated and flie resulting dq)osit was 

washed by n x 400 pi pH 7.5, 20 mM Phosphate/0.15 M NaCl (n^l 0). In between, 
it was centrifug^ at 14,000 RPM for 6 min. Finally, the washed deposit was 
resuspended in the same washing buffer again by 100 pi of the bufferper mg of 
original SAMMS. Both the suspension and the clear solution after die exhaustive 

25 washing were measured, indicating that the non-firmly immobilized OPH was 

conq)letely washed out 
(4) The estimated protein amount of OPH entrapped was 9.52 mg/g SAMMS by Pierce 
BCA Assay Kit, with the initial specific activity 16378.74 Units per mg entrapped 
OPH. 

30 

Bcan^)le20 

(1) 10.17 mg GOD (Sigma G-7016) was dissolved in 5 ml of pH7.5, 20 mM 

Phosphate/0. 15 M NaCl as the GOD stock. Hie enzyme stock contained 395.05 units 
(1 .05 mg OPH protein amount) per ml. . 
35 (2) Similar to Example 19, but used the GOD stock and 300 A 20% Nlfc-SAMMS 

. instead. 
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(3) GOD activity was measured using Sigma standard method (revised on 08/30/96). 

(4) The estimated protein amount of GOD entr^ped was 13.35 mg/g SAMMS, with the 
initial specific activity 99.33 Units per mg entrapped GOD. 

5 Example21 

(1) Similar to Example 20. But 9.95 mg GOD (Sigma G-7016) was dissolved in 5 ml of. 
. pH 7.0, 20 mM Phosphate/0.15 MNaCl as the GOD stock The enzynie sto^^ 

contained 372.25 units (1 .08 mg OFH protein amount) per ml. 

(2) The washing solution was pH 7.0 instead of pH 7.5 used in Protocol 7. 

10 (3) The estimated protein amount of GOD entrapped was 14.59 mg/g SAMMS, widi the 

initial specific activity 136.28 Units per mg ratn^ed GOD. 

Example22 

(1) GI, purified from Streptomyces rubiginosus, was obtained from Hampton Researdi, 
13 Inc. Itwas dialyzedmpH7.5, 20mMPhosphate/0.1S MNaCl/l mMM 

aliquoted in 1 mi, stored at -80*^C and thawed in a refirigerator before use. Tlie GI 
stock contained 1 80.22 units (4. 1 1 mg GI protein amount) per ml. 

(2) Similar to Exanq}le 20, but used &e GI stodc instead of the GOD s^^ 
And the incubation was carried out at 40^C. 

20 (3) The washing solution was pH7.5, 20 mM Phosphate/0.15 MNaCa/1 - 20 mM 

MgS04. 

(4) GI Activity was measured in the same way as did in Protocol 4. 

(5) The estimated protein amount of GI entrapped w^ 94.94 mg/g SAMMS, widi the 
initial specific activity 43.26 Units per ing entrapped GOD. 

25 

Bxmsple23 

(1) Purified OPH, aliquoted in 2 ml, stoied at -80''C, was thawed, dialyzed from pH 8.5, 

25 mM HEPESi^O % glyceiol/50 ^iM CoCU to pH 7.2, 0.1 M HEPES. The enayme stodc 
contained 4830.00 units (0.39 mg OPH protein amount) per ml. 
30 (2) An aliquot of 82.45 mg of 300 A 2% HOOC-SAMMS in 50 ml tube was added 

with 12 ml of the OPH stock, shaking at speed 350 RPM on Innova 4330 refiigerated 
incubator shaker at 25®C for 2 h 47 min. Then, the resulting suspension was aliquoted in 0.4 
ml. 

(3) Then die enzyme incubation solution was separated and the resulting deposit was washed by 
35 n X 400 pi pH 7.5, 20 mM HEPES (n^lO). In between, it was caitriftiged at 14,000 KEMSx 
6min. Finally,the washed dq)Osit was resuspended in the same washing buffer again by 100 
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^l of the buffer per mg of original SAMMS, Both the suspension and the clear solution after 
the exhaustive washing were measured^ indicating that flie non-firtnly immobilized OPH was 
conc^letely washed out. 

(4) The estimated protein amount of OPH entrapped was 46.73 mg/g SAMMS, with the initial 
5 specific activity 26766.78 Units per mg entrapped OPH, 

Exan5}le24 

(1) 31 .07 ing GOD (Sigma G-7016) was dissolved in 1 1 ml of pH7.b, 20.mM Phosphate 
as Oie GOD stodc. . Hie cazywR stock ccmtained 393.08 units (1.71 mg GOD 

10 protein amount) per mL 

(2) SimilartoExan5)le23,butusedtheGODstockand98.67mgof300 A20%>W2^ 
SAMMS instead . 

(3) The washing solution was pH 7.0, 20 mM Phosphate buffer. 

(4) GOD activity was measured using Sigma standard method (revised on 08/30/96). 
15 (5) The estimated protein amount of GOD entrapped was 107.94 mg/g SAMMS, with 

the initial specific activity 76.22 Units per mg entrapped GOD. 

Example 25 

(1) GI, purified fironi Strptomyces rubiginosus, was obtain 

20 Inc. It was dialyzed m pH7.5, 20 mM Phosphate/O.lS M NaCl/1 mM MgS04, 

aliquoted in 1 ml, stored at -80**C. Six aliquots were thawed in a refiigerator before . 
use and diluted together by 22.5 ml of pH 7.0, 20 mM Sodium/1 mM MgS04 as the 
GI stock. The GI stock contained 42.10 units (0.86 mg GI protein amount) per ml. 

(2) Similar to ExMiq)le 24, but used the GI stock and 100.98 mg of 300 A 20% NHj- 
25 SAMMS. And the incubation was carried out at 40'C. 

(3) The washing solution was pH7 J5, 20 mM Phosphate/1 - 20 niM MgS04. 

(4) GI Activity was measured in the^ame way as did in Example 17. 

(5) The estimated protein amoimt of GI entrapped was 77.26 mg/g SAMMS, with the 
initial specific activity 45.06 Units per mg entrapped GL 

Results of Testing Includi n g Comparative Examoles and Varvmg Conditions 

. Nonnal siUca (Itenrf: BMSI 1203), which is comniercially available fix)m 
PolylC, Inc, was fiinctionalized in a similar way for SAMMS and used to rq)lace the SAMMS 
35 in &e protocols mentioned above under the same e3q>erimental conditions for oonipaiison. 
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For investigating pore size, functional types and coverage eiSects, di£ferent pore 
sizes, functional monolayer types and coverages were used to replace ftie SAMMS in flie 
protocols mentioned above under the same e;q)erimental conditions. 

A variety of different washing solutions were used to replace the washinig solution in the 
5 protocols mentioned above under tiie same experimental conditions for investigating the effects 
of the buffer composition, pH, stability and ion strengftu 

Some results are shown in &e figures. Note the following notations were used: 300 A 
20% >IH2-SAMMS means a pore size of 300 A mesoporous siUca w 
functional monolayer derivatized from tris-(metiioxy}aminopropylsflane, . while 300 A 2% 
10 HOQC-SAMMS means the same mesoporous silica with a 2% cov^ge of HOOO functional 
monolayer from tris-(methoxy)caiboxylethylsilane. 

Fig. 5 shows comparative data for OPH immobilized on 5 different matrices. The three 
exan^les using normal silica had activities of 48 units per mg silica \^e the OPH immobilizjed . 
on SAMMS demonstrated activities of 156 and 125. See Exan^les 14 and 19. Thus, the protem 
15 systems made from noraaal silica demonstrated significantly lower activities. : 

Type of functional group and degree of fimctionalizatioii were found to be import an t 
&ctors in forming protein systems. When exanq)le 19 (activity 156) was repeated with 20 % 
functionalization, instead of 2%, (on either 100 A, 170 A or die 300 A SAMMS), activities of 
less tiian 1 were obtained. SimUariy, v/hea Example 14 (activity 125) was repeated witii 20 % 
20 fiinctionalization, instead of 2%, (on eifliar 100 A, 170 A or the 300 A SAMMS), activities of 
less than 20 were obtained. A 300 A 20% HOOC-SAMMS treated with OPH demonsfrated an 
activity of 97 while a 300 A 20% NHi-SAMMS similarly treated wifli OPH had an activity less 
thanl. 

The data in the Exan:q)les section demonstrates the in:^)ortance of tailoring anionic or 
25 cationic functionalization at the appropriate density for individual proteins, indGppndeat of 

whether covdent immobilization or noncoyalent entrapment of the protein is utilized (althoiig^ . 
tiie type of bonding is ano&er &ctor tiiat can be controlled). Tbis tailoiability &cilitates 
incoiporating high concentrations of active protein into a porous matrix. The resultbg protein 
system can be defined in terms of its activity or other measurable properties. 
30 Figs. 6 and 9 show that activity is sensitive to buffer concentration (ionic strength) botii . 

for proteins entrapped at varying buffer concentrations (Fig. 6) and specific activi^, relative to a 
• solution of OPH at pH 72, of entr^ed proteins at varying buffer concentrations (Fig. 9). 

As shown in Figs. 7 and 8, a sample prepared at pH 7.0 contained more OPH flian 
samples prepared! at higher pH, while the specific activity of the protein system appeared to be . 
35 optimized near pH 7.5. The specific activity in Fig. 8 is the specific activity of fee immobilized 
OPH divided by the specific activity of a reference solution of OPH at pH 72. 
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Whefeer held by non-covalent bonds or by covalent bonding, entrapped OPH 
demonstrated significantly better stability as conqjared to OPH in solution: As shown in Fig. 10, 
entrapped protein showed a loss of less tban about 30% activity when refrigerated at 4 *C for 1 10 
days. Some activity was recovered, presumably tfarougji renaturing, after 40 additional days at 
5 room temperature. 

Fig. 1 1 shows comparative data for GOD immobilized on 6 different matrices. The three 
examples using normal sihca had activities of 02, 0.3 and 0.4 yMe Ifae GOD immobilized on 
SAMMS demonstrated activities of 2.0 arid 5.9. See Examples 20 and 15. Thus, 
systems made from normal silica demonstrated significantly lower activities. The 

10 unfimctionalized SAMMS, labeled "300 A Meso-Silica," (i.e., 0% NH2) treated under flie same 
conditions showed an activity of only 0.3. A GOD protein system prepared from 100 A 20% 
NH2-SAMMS showed ttie same activity as 300 A 20% NHi-SAMMS, but a GOD protein systrai 
prepared from 100 A 20% NH2-SAMMS with a covalent cross-linker showed an activity of 4.0 . 
as compared to the 5.9 activity of the analogously-prepared protein covalently cross-linked in 

15 300 A 20% NH2-SAMMS. As shown m Fig. 12, for GOD, a porous matrix with a 20% amino 
surface coverage performed significantly better than a 2% surface coverage. The presence of 0.15 
M sodium chloride caused a substantial decrease in activity of GOD in the NH2-SAMMS system. 
As shown in Fig. 13, increasing pH during preparation of the G0D-NH2-SAMMS system 
resulted in decreased activity; however, the qp^ecific activity of GOD was not reduced at &e 

20 hi^CT pH range (see Fig. 14). Again, as shown in Fig. 15, &e protein system showed enhanced 
stability relative to the GOD solution, and, surprisingiiy, &e non-covalently bonded protem 
system exhibited better stability as con9>ared with the covalently-bonded systems after 
refrigeration at 4 ''C. 

Thus, alteniatively or in addition to fimctionalizatioii, it nmy be desirable to charac^ 

25 each protein system in terms of covalent and noncovalent bonding. In some preferred 

embodiments, the non-covalently bonded protein has superior stability relative to the co valently 
cross-linked system when tested according to the procedures described herein. 

Fig. 16 shows comparative data for GI immobilized on 8 different matrices. Ihe four 
examples prepared under analogous conditions using normal silica had activities of 0.0, 0.0, 0.3 

30 and 0.0 while the GI immobilized on SAMMS demonstrated activities of 4.1, 1 .2 and 2.6, . 
respectively. See Exanq>les 22, 17 and 18. Thus, again, the protein systems made from normal 
silica demonstrated significantly lower activities: The unfimctionalized SAMMS, labeled **300 A 
Meso-Sflica," (i.e., 0% NH2) treated under the same conditions showed an activity of 0.0* For GI, 
a significantly larger eflfect was seen based on pore size (Fig. 17)^ which was not unexpected in 

35 view of GPs larger size. As shown in Fig. 1 8, GI immobilized on covalently-linked 20% NH2- 
normal silica demsonstrated a specific activity of 70, while a similar preparation of GI 
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immobilized on covalently-liiiked 300 A 20% NH2-SAMMS demonstrated a specific activity of 
89. GI in NHj-SAMMS was found to be nearly unaffected by the presence of 0.15 M sodium 
chloride. 300 A 2% NHi-SAMMS and 300 A 20% HOOC-SAMMS were found to have litde or 
no activity. 

5 GI is a robust enzyme and entrapment in SAMMS showed relatively little stability 

enhancement for the time period and conditions tested. Based on stability testing in OPH protein 
systems, however, it is reasonable to concbde that testing under more challenging conditions, 
such as exposure to denaturants, would reveal tiie superior stability properties of preferred 
inventive protein systems, especially SAMMS-based systems. The invention can be generaDy 

10 described relative to stability under various testing conditions. 

This invention may include various modifications and alterations wifliout departing from 
the spirit and scope of the invention. Thus, it should be understood fliat the invention is not to be 
limited to the specific descriptions and exan9)les, but it is to be controlled by the limitations set 
15 forth in tiiefoUowing claims and equivalents ofthe elements set forth in the claims. . 
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CLAIMS 

We claim: 

5 1. A protein system comprising: 

a porous matrix material having a pore volume wherein at least 90% of flie pore volume 
is composed of pores having sizes in the range of 50 to 400 A, and 

further con^rising a diemically-active protein bonded to tiie n 

10 2. . The syst^ of claim 1 wherein the protein system conpises 0.01 to 1 mmol of said 
protein per gram of matrix mat^al and v^erein said protein in the protein system exhibits an 
activity of at least 65% that of the activity of die protein in the acti^ 

3 . The system of claim 1 >;^erein said protein occupies between 5 and 40% of Ifae average 
15 pore volume. 

4. The system of claim 3 wherein the protein system con9)rises 0.01 to 1 mmol of said 
protein per gram of matrix material and wherein at least 90% of the pore volume is composed of . 
pores haying sizes in the nmigB of 100 to 200 A. 

20 

5. The system of claim 3 wherein said protein is an en^me. 

6. The system of claim 5 wherein the enzyme has a volume in the range of 0.5 x 10^ A^ to 3 
xlO^A^ 

25' 

7. The system of claim 6 wherein said enzymes have activities of at least 50% fliat of the 
active state. . 

8. The system of claim 7 wherein said enzyme is OPH having an activity of 60 to 95% tiiat 
30 of the active state. 

9. . Thesystemof claim 6 wherein the volume ofthe protein is in the range of 10 to 25% of 
the average pare volume. 

35 10. The system of claim 6 wherein the surface area of the porous matrix material is at least 
. 700mVg. 
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1 1 . The system of claim 5 wherein the enzyme is OPH, and wherein said system connprises 
between 5 and 25 nag OPH per cubic centimeteF. 

12. The system of claim 5 wherein the enzyme is OPH, and having a Van of 0.15 to 0.66. 
5 

13. Thesystemofclaim5 wherein the system retains about 10% of its activity after 24 hom 
under alkaline conditions. 

14. Thesystemof claim 2 wherein the matrix is a SAN^ 

10 

15. A dieniical process catalyzed by tiie system of claim 1. 

16. A protein system comprising: 

a porous matrix material being sized such that the protein system comprises 0.01 to 1 
15 mmol of protein per gram of matrix material and wherein said protein in the protein system 
exhibits an activity of at least 65% tibat of die. activity of the protein in the active stat& 

17. The protein system of claim 16 wherein the porous matrix material has a pore volume 
wherein at least 90% of the pore volume is con^osed of pores having sizes in the range of 50 to 

20 400 A. 

18. The protein system ofclaim 17 wherein said protein occiq)ies between 5 and 40% of flie 
average pore volume. 

25 19. The protein system of claim 17 wherein said eiizyme is OPH. 

20. The protein system of claim 17 wherein the matrix is a mesoporous oxide material. 

21. - A chemical process catalyzed by the system of claim 16. 

30 . 

22. A method offijnning a protein system con^jrising the steps of: 

providing a porous matrix material having a pore volume wherein at least 90% of the pore 
volvune is composed of pores having sizes in the range of 50 to 400 A, and 

reacting the porous matrix material with a protein so that said protein chemically bonds 
35 to the porous matrix material 



-33- 
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23. TTie method of claim 22 wherein the porous matrix material comprises surface hydrox^ 
. . and further coinprising the step of reacting said surface hydroxyls with a coupling agent to form a 
fiinctionalized monolayer. 

5 24. The method ofclaim 23 wherein said functionalized monolayer comprises reactive 
moieties selected from the group consisting of mercapto, amino, carboxyl, hydroxy!, and azido. 

25;' Themethodpf claim 23 wherein Aecoi^ling agent conqjzises 
mercaptopropyltrimethoxysilane. 

10 

26. The method ofclaim 23 wherein the coiqpling agent has a chain length of 2 to 20 atoms. 

27. The method of claim 22 wherein the porous matrix material, prior to flie stisp of reacting, 
has a surface area of at least 900 mVg. 

13 ■ 

28. A protein system made by the niethod of claim 22. 

29. A method for producing OPH comprising: 

transfecting a host cell with said vector con^rising a sequence encoding OPH, said 

20 sequencebeingoperably linked to a T7 expression control sequence, 

culturing said transfected host cell under conditions periiiitting expression under 
the control of said expression control sequence, and 

purifying said OPH fix>m the cell .or the medium of the cell. 

25 30, Themethodof claim 29 wherein the vector is provided with the sequence encoding OPH 
operably linked to the T7 expression control sequoice. 

31. Themethodof claim 29 wherein the OPH has an activity of about 13,000 units/mg. 

30 32. Themethodof claim 29 herein said vector is a plasmid. 

33. The me&od ofclaim 30 wherein file vector is a plasmidi 



34. 

35 

35. 



The method of claim 29 herein said host cell is a prokaryotic cell. 
The method ofclaim 34 wherein said prokaryotic cell is a bacteriuiiL 



wo 02/068454 



PCTAJS02/05755 



5 



36. The niethodx)f claim 35 wherein said bacteria is Escherichia colt. 

37. The method of claim 29 wherein said host cell is a eukaryotic cell. 

38. The method of claim 37 wherein said eukaryotic cell is a yeast cell. 

39. ' The method ofclaim 38 wherein said yeast ceU is Picftilaiw 



10 40. . The method of claim 22 conq>rising: 

' reacting the porous matrix material with a cross-linking agent to form a porous matrix 
material having cross-linking agents covalentfy bound to tfie surfece, and 

reacting the porous matrix material having cross-linking agents covalently boimd to tiie 
surface with a protein so that said protein chemically bonds to the porous inatrix material. 
15 ■ 

41. A method of forming a protein system conq)rising the steps of: 

providing a porous matrix material having a pore volume wherein at least 90% of flie pore 
volume is con(q3psed of pores having sizes in the range of 50 to 400 A, 

wherein the porous matrix mat^ial has a iunctionalized sur&ce, and 
20 adding a protein so ^t said protein is entrapped by non-covalent bonding in ^ porous 

matrix material. 

42. The method of claim 41 wherein the porous matrix material con:q)rises a functionalized 
monolayer that comprises reactive moieties selected from the group consisting of meicapto, 

25 amino, caiboxyl, hydroxyl, and azido. 

43. The mefliod of claim 41 wherein the protein is added under conditions such that the 
protein in the resulting protein system has an activity tibat is at least 50% of tfie protein in flie 
active state. 

30 

44. A protein system comprising: 

a porous niatrix niiaterial and conpising a protein disposed within the porous n^ 
material; 

wherein the protein system con^rises at least 0.0 1 mmol of protein disposed within the 
35 porous matrix material per gram of matrix material and wherein said protein system exhibits an 
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activity at least 2 times greater than the activity of a protein system that has been formed imder 
identical conditions on a normal silica matrix material. 

45. The protein systeria of claim 44 wherein the porous matrix material is disposed in a 
5 microchannel. . 

46. Apparatus comprising the protein system of claim 45. 

47. The protein system ofclaim 44 wherein said protein systeniexbl>its an acti 

10 10 times greater than the activity of a protein system that has beesa foimed under identical 
conditions on a nonnal silica matrix material 

48. The protein system of claim 44 wherein the porous matrix material being sized such that 
the protein system conqjrises 0.01 to 1 mmol of protein per gram of matrix material and wherein 

15 said protein in the protein system exhibits an activity of at least 65% that of the activity of the 
protein in the active state. 

49. The protein system of claim 44 wherein tiie protein loses less than about 30% activity 
when refrigerated at 4 for 110 days. 

20 

50. The protein system of claim 44 wherein the activity, measured per protem molecule, is at 
least 60% of die protein's activity on file active state. 

5L Theproteinsystem of claim 44 wherein flie protein is non-covalently bonded in flie 
25 porous matrix. 

52. The pn)tein system pfclaim 44 wherein die pn)tein has a nax)lec^ 
of 8,000 to 300,000 daltons. 

30 53. Thepitjteinsystanof claim 44 wherein die protein has a molecular wd^ of at le^ 
8,i000 daltons. 

54. The protein system of claim 44 wherein the porous matrix material is functionalized with 
a surface coverage of 2 to 80%. 

35 
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55. The protein system of claim 44 made by providing a porous matrix material having a 
pore volunie wherein at least 90% of the pore volume is con:q)osed of pores having sizes in flie 

. range of 50 to 400 A, wherein the porous matrix material has a functionalized surfece, and 
adding a protein so that said protein is entrapped by non-covalent bonding in the porous matrix 
5 material. 

56. Theproteinsystemof claim 44 wherein the protein is entrapped by covalent.bondi^ 
throu^ a cross-linking ag&nt to the porous matrix material. 

10 57. Theproteinsystemof claim 44 wherein the porous matrix niaterialconqsrises a 
SAMMS. 



15 
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CGTCATCACGC(XGa^GCnXX3Gl<3ACAAGAACOGCG^ 

GCCCTTCTCTCGTAGGAATGGGATCACTCrcy^TGGJ^ 

TGATGTTGGTQACATAQCTCGAAJACCCGAACAGCCA(nX3VTTCQA^ 

AGCGCCTTGATCAAGAGAGCCCGTGTTTGCCaiCGAACGQATGCCCAGGAGGG^ 

AATCGCACTGTGCGGGATGTGGTCTAGACCQATOAGOTATCGGCGCGCAGCQAGGOO^^ 

TATCATCGCTOTCACdATACAAACCCGTGAGGQOCro^^ 

CXSCTGACTTGCroaXSTGTOAGTGG^ 

CTGAAAG6GGGTCGCCTTGCXrroTGGTCGCGAC<^^ 

TCTOlCGCAGGAAfiAACTGTGTGAGTXCCTCTACACT^^ 

GCCGCCACGATATOAACGTOSGCAGCCCXKXSAAACCTCGGC^^ 

ATCGACW^TCGTTCGCACGCCAGCCGCTCTGGCGCX^ 

CGAAGAACTCTtWCCAAGOlCGCAAGAATCCTGCa^^ 

GAGATTGTGATAGGACCACGAACGGTpTTGAOMGQTCSlCCGGTACCG^ 



Fig. 3 



MSlGTGDRINTTOQPITISEAGFTLT^HICGSSAGFliAWPEFFGSRKAI^^ 

DVSLIJ^SRAADVHIVAAl<U.Wn>PPI^MRIJiSVEELTQFFt^ 

RASIATGVPVTTHTAASQIOJGEQQAAIPBSEGLSPSRVCIGHSDDTDD^ 

SALIXSIRSWCyrRAIAIKALIDQGYMKQILVSiroWLFaPSSyVT^^ 

ITVTNPARFLSFTliBAS 



Fig. 4 
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